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Abstract. 
 
Mutations in the 
 
Caenorhabditis elegans
 
 
 
sel-9
 
 gene elevate the activity of 
 
lin-12
 
 and 
 
glp-1
 
, which 
encode members of the LIN-12/NOTCH family of re-
ceptors. Sequence analysis indicates SEL-9 is one of 
several 
 
C
 
.
 
 elegans
 
 p24 proteins. Allele-speciﬁc genetic 
interactions suggest that reducing 
 
sel-9
 
 activity in-
creases the activity of mutations altering the extracellu-
lar domains of LIN-12 or GLP-1. Reducing 
 
sel-9
 
 activ-
ity restores the trafﬁcking to the plasma membrane of a 
mutant GLP-1 protein that would otherwise accumu-
late within the cell. Our results suggest a role for SEL-9 
and other p24 proteins in the negative regulation of 
transport of LIN-12 and GLP-1 to the cell surface, and 
favor a role for p24 proteins in a quality control mecha-
nism for endoplasmic reticulum–Golgi transport.
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T
 
HE
 
 
 
lin-12
 
 and 
 
glp-1
 
 genes of 
 
Caenorhabditis elegans
 
encode members of the LIN-12/NOTCH family of
receptor proteins. LIN-12/NOTCH proteins medi-
ate cell–cell interactions to specify cell fate during animal
 
development (Greenwald, 1998). The extracellular domains
of LIN-12/NOTCH proteins contain multiple tandem EGF-
like motifs and three LIN-12/NOTCH repeat (LNR) mo-
tifs. The intracellular domains of LIN-12/NOTCH proteins
 
contain tandem 
 
cdc10
 
/SWI6 (also known as ankyrin)
motifs. LIN-12/NOTCH proteins are activated by ligands
of the Delta/Serrate/LAG-2 family (Weinmaster, 1997).
Binding of ligand is believed to induce a cleavage event in
or near the transmembrane domain; this apparent cleav-
age event enables the intracellular domain to translocate
to the nucleus, where it participates directly in regulating
downstream gene expression (Schroeter et al., 1998; Struhl
and Adachi, 1998).
Genetic screens in 
 
C
 
.
 
 elegans
 
 and 
 
Drosophila
 
 have iden-
tified factors that influence 
 
lin-12/Notch
 
 activity. Many
genes have been identified in sensitized genetic back-
grounds, by suppressing or enhancing mutations in 
 
lin-12
 
(Sundaram and Greenwald, 1993b; Tax et al., 1997). Most
of these genes have been named 
 
sel
 
 genes, for suppressor/
enhancer of 
 
lin-12
 
. The suppressor/enhancer approach
mitigates potential difficulties arising from possible func-
tional redundancy of mechanisms that control receptor ac-
tivity as well as gene redundancy in each step. Several 
 
sel
 
genes that have been characterized are involved in basic
cell biological processes. Two 
 
sel
 
 genes, 
 
sel-12
 
 (presenilin)
and 
 
sup-17
 
 (ADAM10/Kuzbanian), appear to affect pro-
cessing of LIN-12 and GLP-1 (Wen et al., 1997; Levitan
and Greenwald, 1998). Two other 
 
sel
 
 genes, 
 
sel-1
 
 and 
 
sel-
10
 
, are likely to affect LIN-12 and GLP-1 turnover (Grant
and Greenwald, 1997; Hubbard et al., 1997). The 
 
sel
 
 genes,
and their interactions with 
 
lin-12
 
 and 
 
glp-1
 
, therefore may
illuminate connections between basic cell biological pro-
cesses and signaling.
In this study, we show that 
 
sel-9
 
 functions by affecting
LIN-12 and GLP-1 trafficking. SEL-9 is a member of the
p24 family of proteins, and reducing 
 
sel-9
 
 activity increases
the level of 
 
lin-12
 
 and 
 
glp-1
 
 activity. We have identified
other genes encoding 
 
C
 
.
 
 elegans 
 
p24 proteins, and shown
that reducing the activity of one of these genes also in-
creases the level of 
 
lin-12
 
 and 
 
glp-1
 
 activity. Members of
the p24 family have been implicated in cargo selectivity of
ER to Golgi transport. The genetic interactions of 
 
sel-9
 
with 
 
lin-12
 
 and 
 
glp-1
 
, and the effect of 
 
sel-9
 
 on the subcel-
lular localization of mutant GLP-1, are consistent with a
role for SEL-9 and other p24 proteins in cargo selection
during trafficking to the cell surface.
 
Materials and Methods
 
General Methods and Strains
 
General methods are described by Brenner (1974). The wild-type parent
for all strains was 
 
C
 
.
 
 elegans
 
 var. Bristol strain N2. Strains were grown at
20
 
8
 
C unless otherwise noted. Mutations used were: LG I: 
 
arIs12 [lin-12(in-
tra)]
 
 (Struhl et al., 1993); LG III: 
 
unc-36(e251)
 
 (Brenner, 1974), 
 
unc-
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32(e189)
 
 (Brenner, 1974), 
 
lin-12(n676n930ts)
 
 (Sundaram and Greenwald,
1993a), 
 
lin-12(n302)
 
 (Greenwald et al., 1983), 
 
lin-12(ar170)
 
 (Hubbard et al.,
1996), 
 
glp-1(e2141ts, e2142ts, q231) 
 
(Austin and Kimble, 1987; Priess et al.,
1987), 
 
glp-1(q415)
 
 (Kodoyianni et al., 1992); LG V: 
 
dpy-11(e224)
 
 (Bren-
ner, 1974), 
 
rol-3(e754)
 
 (Brenner, 1974), 
 
unc-23(e25)
 
 (Brenner, 1974), 
 
sel-
9(ar22, ar26)
 
 (Sundaram and Greenwald, 1993b), 
 
mom-2(ne141)
 
 (Roche-
leau et al., 1997); and extrachromosomal array 
 
arEx29[lin-12(
 
1
 
)]
 
(Fitzgerald et al., 1993).
 
Mutagenesis and Screen for New sel-9 Alleles
 
At 25
 
8
 
C, 
 
glp-1(e2142)
 
 hermaphrodites produced inviable progeny; this
phenotype is suppressed by 
 
sel-9(ar22)
 
 (Sundaram and Greenwald,
1993b). Furthermore, 
 
glp-1(e2142); sel-9(ar22)/Df
 
 hermaphrodites also
produce viable progeny (data not shown), suggesting that null alleles in
principle may be obtained by complementation screening.
EMS mutagenesis was performed as described by Brenner (1974). 
 
glp-
1(e2142); him-8(e1489); rol-3(e754) sel-9(ar26)/sel-9(ar22) unc-23(e25)
 
males were mated to EMS mutagenized 
 
glp-1(e2142); dpy-11(e224)
 
 her-
maphrodites at 15
 
8
 
C. The parents were transferred to fresh plates daily for
5 d. F1 progeny were grown at 15
 
8
 
C until the L4 stage. Non-Dpy cross
progeny were picked to fresh plates and transferred to 25
 
8
 
C. 10 F1 animals
were put on each plate and the total number of F1 cross progeny was
counted while picking. After 4 d, plates at 25
 
8
 
C were screened for live F2
progeny. Eventually only one animal from each plate was kept as a candi-
date. Dpy animals were backcrossed at least twice before further analysis.
 
Genetic Mapping of sel-9
 
sel-9
 
 was previously mapped between 
 
rol-3
 
 and 
 
unc-42 
 
(Sundaram and
Greenwald, 1993b). We mapped 
 
sel-9
 
 between 
 
rol-3
 
 and 
 
unc-23
 
: 2/10 Rol
non-Unc recombinants from heterozygotes of the genotype 
 
rol-3 unc-23/
sel-9
 
 segregated 
 
rol-3
 
 
 
sel-9
 
. 
 
sel-9
 
 was further mapped between 
 
rol-3
 
 and
 
mom-2
 
: from heterozygotes of the genotype 
 
rol-3 sel-9 unc-23/mom-2
 
, 1/23
Rol non-Unc recombinants harbored a 
 
rol-3 sel-9 mom-2
 
 recombinant
chromosome.
 
sel-9 Cloning by an Antisuppression Assay
 
Transgenic lines were generated by microinjecting 
 
lin-12(n676n930); sel-
9(ar22)
 
 hermaphrodites with cosmid or plasmid DNA at a concentration
of 10 
 
m
 
g/ml, along with the dominant 
 
rol-6 
 
marker pRF4 at a concentra-
tion of 100 
 
m
 
g/ml (Mello et al., 1991). Stable Rol lines were reared at 25
 
8
 
C,
and individual Rol hermaphrodites from each line were analyzed for the
Egl defect. A line is considered rescued if 
 
.
 
50% of the Rol hermaphro-
dites were Egl. Initial rescue was obtained with each of two overlapping
cosmids, F21F8 and W02D7. The 20-kb overlapping region was further
subcloned into plasmid vector pBS(SK
 
1
 
) (Stratagene). Plasmid pSX2.8
contains the 2.8-kb DNA fragment that contains 
 
sel-9(
 
1
 
)
 
 activity in the
antisuppression assay; this plasmid was also shown to be able to rescue the
morphological defects caused by 
 
sel-9(ar173)
 
.
 
Sequence Analysis of sel-9 and lin-12
 
Standard molecular biology protocols were performed as described in
Sambrook et al. (1989). The DNA sequences of F21F8 and W02D7 were
obtained from the 
 
C
 
.
 
 elegans
 
 genome sequencing project (Waterston et
al., 1997). The exons of 
 
sel-9 
 
were predicted by GENEFINDER (Edgley
et al., 1997); we confirmed this prediction by sequencing a cDNA clone,
yk371h2 (generously provided by Dr. Yuji Kohara, National Institute of
Genetics, Japan).
The lesions associated with all 
 
sel-9
 
 mutations were found by sequenc-
ing the 
 
sel-9
 
 coding region of the mutants. We amplified the 
 
sel-9
 
 genomic
region by PCR reactions from individual 
 
sel-9
 
 mutant hermaphrodites.
For each mutation, two independent PCR products were cloned into
Bluescript(SK
 
1
 
) (Stratagene). A lesion was considered confirmed if it ap-
peared in two independent clones.
Lesions associated with 
 
lin-12(n941)
 
, 
 
lin-12(n676n930)
 
, 
 
lin-12(ar170)
 
,
and 
 
lin-12(oz48)
 
 were found by sequencing most of the coding region of
the mutants, as for 
 
sel-9
 
. 
 
lin-12(n941)
 
 corresponds to W400STOP. The
 
n930
 
 lesion corresponds to C138T. The 
 
ar170
 
 lesion corresponds to
G270R. The 
 
oz48
 
 lesion corresponds to G449R.
 
SEL-9::GFP
 
A PCR product containing the coding sequence of GFPS65T was cloned
 
into a PmeI site at the end of the 
 
sel-9
 
 coding region in pSX2.8 (see
above). As a result, the stop codon of 
 
sel-9
 
 was changed to Ser. The result-
ing SEL-9::GFP hybrid protein is nonfunctional in the antisuppression as-
say, but, as it is expressed under the control of 
 
sel-9
 
 regulatory sequences,
it was useful for determining that all somatic cells express SEL-9 (data not
shown).
 
RNA-mediated Interference
 
Double-stranded RNA (dsRNA)
 
1
 
 was prepared using the RNA transcrip-
tion kit (Stratagene) and injected without dilution according to Fire et al.
(1998).
 
Laser Microsurgery
 
lin-12(n676n930); sel-9(ar26)
 
 hermaphrodites, along with unoperated con-
trol animals, were kept at 15
 
8
 
C except for the period of laser microsurgery
(20
 
8
 
C for 
 
z
 
5 min). The nucleus of Z4 was ablated in newly hatched L1 lar-
vae. The presence of an anchor cell (AC) was scored during the late L3
stage.
 
Immunofluorescence
 
Anti–GLP-1 staining of dissected hermaphrodite gonads was performed
as described in Crittenden et al. (1994). Phalloidin staining was performed
as described in Strome (1986). Worms were mounted on a 2% agarose
pad with 3 
 
m
 
l of 10% N-propyl gallate and viewed with a Zeiss LSM410 la-
ser scanning confocal attachment on a Zeiss Axiovert 100 microscope.
Results
Relevant Properties of lin-12 and glp-1 Mutations
Our analysis of sel-9 depends on genetic interactions be-
tween sel-9 and the lin-12 or glp-1 genes. Here, before
we describe the genetic analysis of sel-9, we summarize
the relevant properties of mutations in lin-12 and glp-1,
which both encode receptors of the LIN-12/Notch family
(Yochem et al., 1988; Yochem and Greenwald, 1989). We
note that lin-12 and glp-1 are functionally redundant in
some cell fate decisions (Lambie and Kimble, 1991), and
that GLP-1 can fully substitute for LIN-12 when expressed
under the control of lin-12 regulatory sequences (Fitzger-
ald et al., 1993). In our analysis, we have made consistent
observations using both genes.
Three morphological characteristics influenced by lin-12
were used for our analysis of sel-9 (Table I): the number of
ACs, vulval morphology, and egg laying. Wild-type her-
maphrodites have one AC and a normal vulva, and are
able to lay eggs. Reduced lin-12 activity causes an extra
AC to be produced (the 2 AC defect), a variably abnormal
vulva, and a defect in egg laying (Egl) (Greenwald et al.,
1983; Sundaram and Greenwald, 1993a). In this study, we
focus on genetic interactions between sel-9 and two alleles
that reduce, but do not eliminate, lin-12 activity: lin-
12(n676n930) and lin-12(ar170).
Constitutive, elevated lin-12 activity causes the AC to be
missing (the 0 AC defect) and, as a consequence, an egg-
laying defect (the 0 AC-Egl defect) which is different from
the Egl defect associated with reduced lin-12 activity
(Greenwald et al., 1983). A greater elevation of lin-12 ac-
tivity also causes extra vulval cells to be made (the Multi-
vulva defect). Constitutive activity may result from mis-
1. Abbreviations used in this paper: AC, anchor cell; ds, double-stranded;
Egl, Egg-laying defective; Muv, Multivulva; RNAi, RNA-mediated inter-
ference; VU, ventral uterine precursor cell. Wen and Greenwald SEL-9 1167
sense mutations in the extracellular domain, collectively
termed lin-12(d), or by removing the extracellular domain,
as in the lin-12(intra) transgene (Greenwald and Seydoux,
1990; Struhl et al., 1993).
The absence of glp-1 activity causes defects in germline
proliferation and maternal effect lethality (Austin and
Kimble, 1987; Priess et al., 1987). The glp-1(e2142) allele
used extensively in this study displays only the maternal
effect lethal defect at 258C (Priess et al., 1987). Other glp-1
mutations used are temperature-sensitive for both defects,
and their properties are described where relevant below.
Isolation and Classification of New sel-9 Alleles
Two sel-9 mutations were isolated as suppressors of the
egg laying defect (Egl) of the partial loss-of-function
(hypomorphic) allele lin-12(n676n930) (Sundaram and
Greenwald, 1993b). Genetic analysis suggested that these
two sel-9 alleles, sel-9(ar22) and sel-9(ar26), are not null al-
leles (Sundaram and Greenwald, 1993b).
We isolated new sel-9 mutations in noncomplementa-
tion screens that in principle could have yielded null al-
leles (see Materials and Methods). Five sel-9 alleles
(ar173, ar174, ar175, ar176, and ar178) were isolated after
screening 12,000 mutagenized haploid genomes. We classi-
fied the existing sel-9 mutations into two groups, group A
(weaker) and group B (stronger), based on their interac-
tions with lin-12 hypomorphic alleles (Table II). Mutations
in group B appear to increase lin-12 activity to a greater
extent than mutations in group A. This inference is based
on two observations: in combination with lin-12(n676-
n930), alleles of group B result in a Multivulva phenotype
(Table II), and in combination with lin-12(ar170), alleles
of group B suppress the 2 AC defect (Table II). We note
that the alleles in group B were all isolated in noncom-
plementation screens and could not have been isolated
as suppressors of lin-12(n676n930), since they cause lin-
12(n676n930) to lack an AC, which is necessary for vulval
development and egg laying.
All sel-9 alleles show genetic interactions with several
different missense mutations affecting the LIN-12 extra-
cellular domain (see below). However, none suppress de-
fects caused by lin-12(n941), a lin-12 null allele associated
with a stop codon at position 400 in the extracellular do-
main (Materials and Methods).
Genetic analysis suggests that all sel-9 mutations are
antimorphic (dominant-negative) (Sundaram and Green-
wald, 1993b). A heterozygous deficiency is unable to sup-
press the 2 AC defect of lin-12(n676n930) or the maternal
effect lethality of glp-1(e2142). In contrast, sel-9/1 het-
erozygosity suppresses these defects, implying that sel-9
alleles have gain-of-function character. The gain-of-func-
tion character appears to be antimorphic, because addi-
tion of wild-type alleles can reverse the suppression of
lin-12(n676n930) and glp-1(e2142) by mutations in sel-9
(Sundaram and Greenwald, 1993b; Wen, C., and I. Green-
wald, unpublished observations). In addition, we have evi-
dence that all sel-9 mutations cause reduction of sel-9(1)
activity (see below).
Cell Autonomy of sel-9 Function in the AC/Ventral 
Uterine (VU) Decision
To examine the cell autonomy of sel-9 function, we exam-
ined its effect on the decision of two cells, Z1.ppp and
Z4.aaa, between the AC and VU precursor cell fates. Nor-
mally, lin-12–mediated interactions between Z1.ppp and
Z4.aaa causes one to become the AC (see Greenwald,
Table I. Relevant Features of lin-12 Mutations Used in
This Study
Allele
Nature of
mutation No. of AC Multivulva
Egg-laying
defect
1 Wild-type 1 AC No None
n941 Null 2 AC No N/A*
ar170 Hypomorph 2 AC No None‡
n676n930§ 25°C hypomorph 2 AC No Egl
15°C constitutive, 0 AC‡ No 0 AC-Egli
hypermorph
n302 Constitutive, 0 AC No 0 AC-Egl
hypermorph
lin-12(intra) 15°C constitutive, 0 AC‡ Yes 0 AC-Egl¶
hypermorph
The n930 lesion [C138T] appears to be a heat-sensitive partial loss-of-function muta-
tion. At 25°C, lin-12(n676n930) behaves like a hypomorph (partial loss-of-function
allele), and displays variably penetrant defects associated with loss of lin-12 activity,
as shown; at 15°C, this allele behaves like a very weak hypermorph.
*Egg laying cannot be assessed because lin-12(0) mutants are sterile.
‡Low penetrance Egl defect.
iIncompletely penetrant gain-of-function defect.
§lin-12(n676n930) was derived by reverting the lin-12(d) allele lin-12(n676)
[G884D).
¶arIs12[lin-12(intra)] also has an egg-laying defect that may be unrelated to lin-12
activity, possibly due to the insertion site.
Table II. sel-9 Combinations with lin-12 Hypomorphs
With lin-12(n676n930)
Relevant genotype*
sel-9
group‡ n % 0 AC§
Multi-
vulva
defecti
lin-12(n676n930) 1 40 0 None
lin-12(n676n930); sel-9(ar22) A 37 0 None
lin-12(n676n930); sel-9(ar26) A Many (None) None
lin-12(n676n930); sel-9(ar178) A Many (None) None
lin-12(n676n930); sel-9(ar173) B 16 75 6 10.8 Muv
lin-12(n676n930); sel-9(ar174) B 17 100 Muv
lin-12(n676n930); sel-9(ar175) B Many (All) Muv
lin-12(n676n930); sel-9(ar176) B Many (All) Muv
With lin-12(ar170)
Relevant genotype*
sel-9
group‡ n % 2 AC
lin-12(ar170) 1 41 83 6 5.9
lin-12(ar170); sel-9(ar22) A 67 78 6 5.1
lin-12(ar170); sel-9(ar178) A 36 81 6 6.5
lin-12(ar170); sel-9(ar173) B 13 7.7 6 7.4
lin-12(ar170); sel-9(ar174) B 31 32 6 8.4
lin-12(ar170); sel-9(ar175) B 66 49 6 6.1
lin-12(ar170); sel-9(ar176) B 40 50 6 7.9
All experiments were done at 25°C. Sequence analysis subsequently established that
sel-9(ar22) is the same alteration as sel-9(ar178), and that sel-9(ar175) the same alter-
ation as sel-9(ar174). Standard variance is shown for the AC data. sel-9 alleles also
suppress the hypomorphic allele lin-12(oz48) (data not shown).
*All strains also contain unc-32(e189).
‡sel-9 mutations were placed in group B if they cause the 0 AC and Multivulva (Muv)
defects in combination with lin-12(n676n930).
§In cases where the number of AC was not scored directly, the absence of an AC could
be inferred from the characteristic egg-laying defect (Greenwald et al., 1983). sel-9
class A alleles suppress the 2 AC defect of lin-12(n676n930) (Sundaram and Green-
wald, 1993b; and data not shown).
iA hermaphrodite is considered Muv if it has three or more ventral pseudovulvae.The Journal of Cell Biology, Volume 145, 1999 1168
1998). When lin-12 is constitutively active, hermaphrodites
lack an AC, because both Z1.ppp and Z4.aaa become
VUs. The penetrance of the 0 AC phenotype reflects the
degree of elevated activity (Greenwald et al., 1983). For
example, lin-12(n676n930) behaves like a weakly activated
allele at 158C, in that z5% of hermaphrodites lack an AC.
In the presence of sel-9(ar26), the proportion of lin-
12(n676n930) hermaphrodites lacking an AC is increased
to 78%, suggesting that lin-12 activity is elevated by sel-
9(ar26).
When either Z1 or Z4 (the precursors to Z1.ppp or
Z4.aaa) is ablated with a laser microbeam, the fate of the
remaining cell reflects its intrinsic level of lin-12 activity in
the absence of signaling. In wild-type hermaphrodites, if
Z1 (or Z1.ppp) is ablated, Z4.aaa always becomes an AC
(Kimble, 1981) because lin-12 is not activated in the ab-
sence of ligand. However, in lin-12(d) hermaphrodites, if
Z1 (or Z1.ppp) is ablated, Z4.aaa becomes a VU because
of the ligand-independent activation of LIN-12(d) (Green-
wald and Seydoux, 1990; Grant and Greenwald, 1997). If
sel-9(1) functions in the receiving end of lin-12–mediated
cell–cell interactions, we would expect to see that sel-
9(ar26) increases the intrinsic lin-12 activity in the absence
of the signaling cell.
The results of ablation experiments suggest that sel-9
can affect lin-12 activity cell autonomously (Table III). As
mentioned above, 78% of lin-12(n676n930); sel-9(ar26)
hermaphrodites lack an AC. Similarly, in operated lin-
12(n676n930); sel-9(ar26) hermaphrodites, when Z4 was
removed at early L1 stage, Z1.ppp became a VU in 77% of
the cases. These results demonstrate that the effect of sel-9
on lin-12 activity does not depend on the signaling cell,
since sel-9(ar26) can increase the intrinsic level of lin-12
activity in the absence of the signaling cell. Although this
experiment does not rule out an additional role for sel-9
in the signaling cell, the extent of enhancement of lin-
12(n676n930) can be completely accounted for by sel-9
function in the receiving cell.
Molecular Cloning of sel-9
sel-9(ar22) suppresses the Egl phenotype caused by lin-
12(n676n930ts) at 258C. Adding a copy of sel-9(1) allele
[lin-12(n676n930); sel-9(ar22)/sel-9(ar22)/sel-9(1)] can par-
tially reverse the suppression (Sundaram and Greenwald,
1993b). Therefore, we were able to use reversal of sup-
pression to assess the sel-9(1) activity of microinjected
DNAs (Fig. 1).
We mapped sel-9 between rol-3 and the cloned gene
mom-2, an interval of ,0.1 map unit. The mom-2 gene re-
sides on cosmid clone F38E1 (Rocheleau et al., 1997;
Thorpe et al., 1997). We tested cosmid clones to the left of
F38E1 for their ability to complement sel-9(ar22) in a lin-
12(n676n930); sel-9(ar22) background (see Materials and
Methods). Arrays containing either one of two overlap-
ping cosmid clones, F21F8 and W02D7, gave rescue in the
antisuppression assay. The overlapping region was further
subcloned and the 2.8-kb fragment in pSX2.8 was deter-
mined to contain sel-9(1) activity. The sequence of the
2.8-kb fragment is predicted to encode a single gene (by
GENEFINDER; see Edgley et al., 1997). A cDNA clone,
yk371h2 (generously provided by Dr. Yuji Kohara), con-
tains the DNA sequence of all predicted exons contained
in pSX2.8. This predicted gene was confirmed to be sel-9
by finding that all sel-9 mutations contain molecular le-
sions in the coding region (Fig. 2).
sel-9 Encodes a Member of the p24 Family of Proteins
The predicted SEL-9 protein sequence reveals that SEL-9
belongs to the p24 family of proteins (Figs. 2 and 3). Multi-
ple members of the p24 family are found in all eukaryotes,
from yeast to mammals. Members of the p24 family are
type I membrane proteins with a signal peptide at the
amino terminus, a lumenal (extracytosolic) domain, a sin-
gle transmembrane domain, and a short cytoplasmic tail.
p24 proteins have a predicted lumenal coiled-coil domain,
conserved amino acids in the transmembrane domain and
cytoplasmic tail, and similar overall size and organization
(Blum et al., 1996; Fiedler and Rothman, 1997). They may
be grouped into at least three subfamilies based on pri-
mary sequence (Blum et al., 1996). One subfamily com-
prises yeast Emp24p and mammalian p24A; SEL-9 ap-
pears to be a member of this subfamily. Another subfamily
comprises yeast Erv25p and mammalian Tmp21, and the
third subfamily comprises mammalian gp25L proteins.
We searched the C. elegans genomic sequence database
for additional p24 proteins and identified at least four
Figure 1. Molecular cloning of sel-9.
Lines depict genomic DNA sub-
cloned from the overlapping region
of two cosmid clones, F21F8 and
W02D7. The ability of these plas-
mid clones to rescue sel-9(ar22) is
indicated; 1 indicates a clone was
able to rescue, 2 indicates a clone
was unable to rescue. See Materials
and Methods for rescue assays.
K, KpnI; E, EcoRV; S, SacI; H,
HindIII; X, XhoI.Wen and Greenwald SEL-9 1169
other proteins with the hallmarks of p24 proteins (Fig. 3).
As described below, we have also performed a functional
test of one of these, F47G9.1, a member of the Erv25/
Tmp21 subfamily (Fig. 3).
p24 proteins are major membrane components of
COPI- and COPII-coated vesicles (Schimmoller et al.,
1995; Stamnes et al., 1995; Sohn et al., 1996). Genetic stud-
ies in yeast and biochemical studies in yeast and mamma-
lian cells have led to proposals for p24 protein function in
cargo selectivity of ER to Golgi transport (Schimmoller
Figure 2. Schematic depic-
tion of SEL-9. All p24 pro-
teins are predicted to be
type I membrane proteins
with the amino terminus in
the lumenal region of the
ER and the carboxy termi-
nus in the cytoplasm; in
some cases, this prediction
has been confirmed (see
Blum et al., 1996). Se-
quence alterations associ-
ated with all sel-9 mutations
are shown. We cannot guar-
antee that sel-9(ar178) and
sel-9(ar175) are independent isolates of sel-9(ar22) and sel-9(ar174), respectively. SS, signal sequence; CC, heptad repeats pre-
dicted to form a coiled-coil structure; TM, transmembrane domain. 
Figure 3. p24 protein sub-
families. EMP24, yeast Emp-
24p; P24A, human p24A;
ERV25, yeast Erv25p; TMP21,
human Tmp21. Sequences of
other members of the p24
family can be found in Blum
et al. (1996) and Stamnes et
al. (1995). The transmem-
brane (TM) and predicted
coiled-coil (CC) domains are
overlined. A signal sequence
is present at the amino termi-
nus of each protein but is not
indicated. Residues that are
identical in at least two of the
three proteins within a sub-
family are shown in reverse
contrast letters. Conserved
cysteines in the lumenal do-
main are indicated with aster-
isks and residues identified as
functionally important for
coat protein binding in the
transmembrane/cytosolic do-
main are indicated with open
triangles. The genomic DNA
sequences of sel-9 (accession
number AF014940) and of
F47G9.1 (accession number
Z74035) are in GenBank.
Two other C. elegans se-
quences, F57B10.5 (accession
number AF039713) and
K08E4.6 (accession number
Z68316), also display hall-
marks of p24 proteins, as
does another C. elegans se-
quence present in the unfin-
ished sequence database at
the time of submission of this
manuscript (data not shown).The Journal of Cell Biology, Volume 145, 1999 1170
et al., 1995; Belden and Barlowe, 1996; Elrod-Erickson
and Kaiser, 1996). Our analysis of the interaction of sel-9
with lin-12 and glp-1 is consistent with a role in cargo se-
lectivity, as described further below and in the Discussion.
We constructed a SEL-9::GFP hybrid protein in which
green fluorescent protein (GFP) was fused in frame to the
carboxy terminus of SEL-9 (see Materials and Methods).
The hybrid protein appeared to accumulate intracellularly
in all somatic cells and at all developmental stages (data
not shown). This observation implies that SEL-9 is present
in cells undergoing lin-12–mediated cell fate decisions.
Unfortunately, this SEL-9::GFP hybrid protein does not
appear to function normally, as it was unable to reverse
the suppression of lin-12(n676n930) by sel-9 at 258C (data
not shown), so we cannot meaningfully analyze its subcel-
lular distribution.
Sequence Analysis and the Nature of sel-9 Mutations
We sequenced all existing sel-9 mutations and found that
none creates an early stop codon or deletion that would be
a clear molecular null allele (Fig. 2). sel-9(ar173) creates a
stop codon at the beginning of the predicted transmem-
brane domain, and is predicted to result in a truncated
SEL-9 protein lacking most of the TM domain and the en-
tire cytoplasmic tail. All other sel-9 mutations contain mis-
sense changes in the predicted lumenal region of SEL-9.
Six of the seven sel-9 alleles, corresponding to four dif-
ferent missense mutations, do not cause any obvious de-
fects in an otherwise wild-type background. In contrast,
sel-9(ar173) homozygous hermaphrodites are dumpy
(Dpy), uncoordinated (Unc), and slightly roller (Rol) and
egg-laying defective (but have normal vulval lineages; data
not shown). These phenotypes are all complemented by an
extrachromosomal array containing multiple copies of the
sel-9(1) gene, and hence appear to result from the sel-
9(ar173) mutation. However, sel-9(ar173)/sel-9(ar173)/
mnDp26 [sel-9(1)] hermaphrodites still display a similar
spectrum of phenotypes as sel-9(ar173), although they are
less abnormal than sel-9(ar173)/sel-9(ar173), suggesting
that sel-9(ar173) is an antimorph (data not shown), per-
haps interfering with the secretion of proteins other than
LIN-12 and GLP-1. We postulate that the presence of the
lumenal portion of SEL-9 interferes with secretion when
an absent or nonfunctional carboxy terminus prevents as-
sociation with vesicle coat proteins. In support of this in-
terpretation is the observation that fusion of GFP in frame
at the carboxy terminus causes the same spectrum of phe-
notypes as sel-9(ar173) (data not shown).
Although we do not have demonstrable sel-9 null alleles, we
note that in yeast, deletion of either emp24 or erv25, or of both
genes, has measurable effects on specific aspects of secretion
without any significant deleterious effects (Schimmoller et al.,
1995; Belden and Barlowe, 1996; Elrod-Erickson and Kaiser,
1996). Thus, it is conceivable that the sel-9 null phenotype
may, at a gross level, be wild-type. Below, we provide evi-
dence suggesting that available sel-9 alleles, in addition to be-
ing antimorphs, also reduce or eliminate sel-9 activity.
Reducing sel-9 and F47G9.1 Activity Increases lin-12 
and glp-1 Activity
The technique of RNA-mediated interference (RNAi)
may be used to investigate the effects of reducing gene
activity (Rocheleau et al., 1997). RNAi is based on the
observation that injection of RNA, and, in particular,
dsRNA (Fire et al., 1998), can produce specific pheno-
types similar to loss or reduction of function of the target
gene. We have used this method to investigate the effects
of reducing sel-9 and F47G9.1 activity.
The assay we used depends on the observation that at
158C, lin-12(n676n930) behaves like a weak gain-of-func-
tion allele, and a small proportion of lin-12(n676n930) her-
maphrodites lacks an AC and displays the 0 AC-Egl phe-
notype. We examined the ability of dsRNA to enhance the
0 AC-Egl phenotype of lin-12(n676n930) at 158C. Double-
stranded  sel-9 or F47G9.1 RNA was injected into lin-
12(n676n930) homozygous L4 hermaphrodites grown at
158C, and injected hermaphrodites and mock-injected con-
trol hermaphrodites were maintained at 158C. All hermaph-
rodites injected with sel-9 dsRNA or F47G9.1 dsRNA pro-
duced a markedly greater proportion of 0 AC-Egl progeny
than did control hermaphrodites (see Table IV).
We also examined the ability of dsRNA to suppress the
maternal effect lethal phenotype of glp-1(e2142) at 258C,
since maternal gene activity seems to be particularly sensi-
tive to inhibition by this method. Double-stranded sel-9 or
F47G9.1 RNA was injected into glp-1(e2142ts) homozy-
gous L4 hermaphrodites grown at the permissive tempera-
ture. The injected hermaphrodites and uninjected control
hermaphrodites were shifted to 258C. Control hermaphro-
dites laid only dead eggs. In contrast, all hermaphrodites
injected with sel-9 dsRNA or F47G9.1 dsRNA produced
live progeny (see Table IV). The suppression of glp-
1(e2142) by sel-9 or F47G9.1 RNAi appears to be incom-
pletely heritable for at least one additional generation, as
has been observed in RNAi experiments for certain other
genes.
The  sel-9 and F47G9.1 RNAi effects on lin-12(n676-
n930) and glp-1(e2142) indicate that a reduction in p24 ac-
tivity appears to elevate lin-12 and glp-1 activity. These re-
sults also suggest that available sel-9 alleles reduce sel-9
activity, since all sel-9 mutations enhance lin-12(n676n930)
and suppress the maternal effect lethality of glp-1(e2142)
(Sundaram and Greenwald, 1993b; see Table VI).
We also injected F47G9.1 dsRNA into sel-9(ar174), and
did not observe any reduced viability or obvious effects on
the egg-laying ability or vulval morphology of adult prog-
eny (see Table IV). This result is consistent with the obser-
vation that the phenotype of a Demp24 Derv25 strain is no
more severe than either single mutant (Belden and Bar-
lowe, 1996).
Allele Specificity of sel-9 Suppression/Enhancement
sel-9 mutations do not suppress/enhance all lin-12 or glp-1
mutations. Rather, they appear to be specific for alleles of
lin-12 and glp-1 that cause alterations in the extracellular
domain (Fig. 4 and Tables II–VI).
sel-9 appears to increase the activity of the partial loss-
of-function mutations lin-12(n676n930), lin-12(ar170), and
lin-12(oz48), all of which have missense mutations in the
extracellular domain (Table II, Fig. 4, and data not
shown).  sel-9 also appears to increase the activity of gain-
of-function lin-12(d) mutations such as lin-12(n302): theWen and Greenwald SEL-9 1171
penetrance of the Multivulva phenotype is increased in the
presence of sel-9 mutations (Table V). In contrast, sel-9
does not appear to increase the activity of arIs12[lin-12(in-
tra)] (Table V): the penetrance of the Multivulva pheno-
type is not increased in the presence of sel-9(ar174). These
results suggest that the interaction between sel-9 and lin-
12 requires the extracellular domain of LIN-12 or that
LIN-12 be a transmembrane protein. The ability of sel-9 to
enhance the weak gain-of-function phenotype caused by a
multicopy lin-12(1) transgene (Table V) is consistent with
this inference.
We further investigated the possibility that sel-9 sup-
pression is specific for mutations in the extracellular do-
main by taking advantage of a variety of available, se-
quenced alleles of glp-1 (Kodoyianni et al., 1992). All sel-9
alleles can suppress the maternal effect lethality caused by
glp-1(e2142), a missense mutation in the first EGF-like
motif of the extracellular domain, but cannot suppress ei-
ther the germline defect or the embryonic lethality caused
by glp-1(e2141) and glp-1(q231), missense mutations in the
cdc10/SWI6 domain of GLP-1 (Kodoyianni et al., 1992)
(Table VI). Since glp-1(e2141) and glp-1(e231) appear to
lower glp-1 activity more than glp-1(e2142) (Kodoyianni
et al., 1992), the ability of sel-9 alleles to suppress glp-
1(e2142) but not glp-1(e2141) and glp-1(q231) may be ex-
plained in three different ways: sel-9 does not function in
the germline; sel-9 mutations can only suppress mild loss
of glp-1 activity; or sel-9 mutations interact only with spe-
cific glp-1 alleles.
To distinguish among these possibilities, we examined
the effect of sel-9 on glp-1(q415) (Table VI). glp-1(q415)
contains a missense mutation (Gly226®Glu) in the fourth
EGF-like repeat (Kodoyianni et al., 1992). At 158C, the
germline of glp-1(q415) proliferates normally but all em-
bryos are dead; at 258C, the germline proliferation of glp-
1(q415) is defective (Kodoyianni et al., 1992). We found
that sel-9(ar26), a weaker sel-9 allele, can suppress the germ-
line proliferation defect but not the maternal effect lethal-
ity of glp-1(q415) at 258C. However, sel-9(ar174), a stron-
ger sel-9 allele, can suppress both the germline defect and
the maternal effect lethality caused by glp-1(q415) at 258C.
Thus, sel-9 does function in the germline. In the germline,
glp-1(q415) probably has a glp-1 activity level similar to
that of glp-1(e2141) and glp-1(q231), since all three mu-
tants produce similar numbers of germ cells at the restric-
tive temperature (Austin and Kimble, 1987; Priess et al.,
1987; Kodoyianni et al., 1992). Thus, the ability of sel-
9(ar26) to suppress glp-1(q415) but not glp-1(e2141) and
glp-1(q231) suggests that the interaction between sel-9 and
glp-1 depends on alterations in the extracellular domain of
GLP-1.
sel-9 Affects the Subcellular Localization
of GLP-1(q415)
To determine if the effect of sel-9 is on LIN-12/GLP-1 traf-
ficking in C. elegans, we examined the level or subcellular
localization of wild-type and mutant GLP-1 proteins in a
sel-9(1) and sel-9 mutant background using an antibody
cocktail that recognizes GLP-1 in dissected gonads (Crit-
tenden et al., 1994; Fig. 5). In the germline of wild-type
hermaphrodites, GLP-1 is visible mainly in the plasma
membrane in the distal region in a honeycomb pattern
corresponding to the membranes surrounding each germ-
line nucleus (Crittenden et al., 1994). We saw no evidence
for a change in the level or subcellular localization of
GLP-1(1) in a sel-9(ar174) mutant background (data not
shown). In the germline of glp-1(q415) hermaphrodites,
the membranes are present in their typical honeycomb
pattern, as shown by phalloidin staining; however, GLP-
Figure 4. Allele specificity of
sel-9 suppression/enhance-
ment. Schematic drawing of
LIN-12 and GLP-1, showing
EGF-like motifs (shaded)
and LNR motifs (narrowly
striped) in the extracellular
domains and cdc10/SWI6
(ankyrin) motifs (widely
striped) in the intracellular
domain (see Weinmaster,
1997). The locations of lin-12
and glp-1 mutations are indi-
cated (Greenwald and Sey-
doux, 1990; Kodoyianni et al.,
1992; this study). Black ar-
rowheads indicate mutations
that can be suppressed or enhanced by sel-9; open arrowheads indicate mutations that are not suppressed or enhanced by sel-9. The po-
sition of the n930 lesion is shown, but it was always present in the double mutant lin-12(n676n930). Also shown is LIN-12(intra) (Struhl
et al., 1993), which is not enhanced by sel-9.
Table III. Cell Autonomy of sel-9 Function in the
AC/VU Decision
Genotype Cells ablated 0 AC 1 AC
lin-12(n676n930) None 1/15 (7%) 14/15 (93%)
lin-12(n676n930) Z4 1/12 (8%) 11/12 (92%)
lin-12(n676n930); sel-9(ar26) None 55/70 (78%) 15/70 (22%)
lin-12(n676n930); sel-9(ar26) Z4 10/13 (77%) 3/13 (23%)
Hermaphrodites were grown at 15°C except for the short period of laser microsurgery
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1(q415) does not display the honeycomb pattern, and in-
stead accumulates within the cell, consistent with a defect
in its transport to the plasma membrane. In contrast, in
the germline of glp-1(q415); sel-9(ar174) hermaphrodites,
plasma membrane accumulation of GLP-1(q415) is at
least partially restored, as a honeycomb pattern is evident.
These results suggest that the absence of sel-9 activity re-
lieves the block on trafficking of mutant GLP-1(q415) pro-
tein to the plasma membrane.
Discussion
In this study, we have shown that SEL-9 is a member of
the Emp24/p24A subfamily of p24 proteins. Reducing the
activity of sel-9 and F47G9.1, which encodes a member of
the Erv25/Tmp21 subfamily of p24 proteins, can increase
the activity of certain mutations in lin-12 or glp-1. The in-
teraction between sel-9 and lin-12 appears to be cell auton-
omous. The common feature of the alleles that are af-
fected by sel-9 is that they are missense mutations in the
extracellular domain of LIN-12 or GLP-1; in contrast, the
mutations that are not affected include an activated form
of LIN-12 caused by truncation of the extracellular do-
main and transmembrane domain, and point mutations of
GLP-1 that alter the intracellular domain. We examined
the subcellular localization of the protein encoded by glp-
1(q415), one of the suppressed mutations, and found that
it accumulates within the cell; however, a mutation in sel-9
enables GLP-1(q415) to accumulate in the plasma mem-
brane. We discuss specific aspects of these results in the
previous section. Here, we discuss how these results are
consistent with a function for SEL-9 in cargo selection
during transport of LIN-12 and GLP-1 to the cell surface.
In eukaryotic cells, secretory protein trafficking is me-
diated by transport vesicles, which bud from a donor
membrane of one compartment and fuse with a recipient
membrane of a different compartment. Distinct vesicle
coat protein complexes mediate different budding/fusion
events. Anterograde transport from ER to Golgi is medi-
ated by COPII-coated vesicles (Bednarek et al., 1996;
Schekman and Orci, 1996). Bidirectional transport be-
tween the ER and Golgi, and intra-Golgi transport, is me-
Table IV. RNAi Experiments
Enhancement of lin-12(n676n930) at 15°C
Genotype dsRNA
Average %
0 AC-Egl progeny*
lin-12(n676n930) None 5.4
lin-12(n676n930) sel-9 60.3
lin-12(n676n930) F47G9.1 62.9
Suppression of glp-1(e2142) at 25°C
Genotype
Injected
dsRNA
No. of hermaphrodites
yielding
live progeny‡
Morphology of
adult progeny§
glp-1(e2142) None 0/4 —
glp-1(e2142) sel-9 12/12 Normal
glp-1(e2142) F47G9.1 10/10 Normal
glp-1(e2141) None 0/10 —
glp-1(e2141) sel-9 0/10 —
glp-1(q231) None 0/9 —
glp-1(q231) sel-9 0/10 —
Additional experiments
Genotype
Injected
dsRNA
Yielding
live progeny
Morphology of
adult progeny§
sel-9(ar174) F47G9.1 10/10 Normal
sel-9(ar173) sel-9 6/6 No differencei
Wild-type (N2) sel-9 1 F47G9.1 Normal
Double-stranded sel-9 or F47G9.1 RNA was synthesized in vitro and injected into re-
cipient L4 hermaphrodites. For lin-12(n676n930) recipients, mock (water)-injected
hermaphrodites and dsRNA-injected hermaphrodites were maintained at 15°C. For
glp-1 hermaphrodites, noninjected and dsRNA-injected L4 hermaphrodites were
shifted to and then maintained at 25°C.
*Injected hermaphrodites were allowed to lay eggs at 15°C for several hours, and then
were removed. Their progeny were scored for the ability to lay eggs. For mock-
injected hermaphrodites, two broods were scored: 1/24 and 2/31 were Egl. For sel-9
dsRNA, four broods were scored: 11/17, 14/22, 12/21, and 7/13 were Egl. For
F47G9.1 dsRNA, four broods were scored: 15/23, 10/19, 12/17, and 14/22 were Egl.
‡glp-1(e2142) hermaphrodites produce no live progeny; after certain dsRNA injec-
tions, hermaphrodites produced virtually no dead eggs, and numerous (.100) live
progeny.
§No egg-laying or vulval defects were observed.
iDpy, Unc, Rol phenotypes associated with sel-9(ar173).
Table V. sel-9 Combinations with Alleles or Transgenes 
Resulting in Elevated lin-12 Activity or Expression
Relevant genotype
% hermaphrodites with
$1 pseudovulva (n)*
Average No. of
pseudovulvae (n)
lin-12(n302) 11 6 2.3 (189) 0.2 (189)
lin-12(n302); sel-9(ar26) 46 6 2.0 (199) 1.2 (199)
lin-12(n302); sel-9(ar173) 100 (55) 4.4 (55)
lin-12(n302); sel-9(ar174) 100 (47) 3.9 (47)
arIs12[lin-12(intra)] 75 6 3.6 (145) 1.9 (145)
arIs12[lin-12(intra)]; sel-9(ar174) 75 6 4.5 (92) 2.1 (92)
arEx29[lin-12(1)]‡ 5.9 6 2.5 (85) 0.1 (85)
arEx29[lin-12(1)]; sel-9(ar174) 81 6 4.3 (81) 3.1 (81)
Hermaphrodites were grown and scored at 20°C.
*At least one pseudovulva in addition to a normal vulva, or two or more pseudovul-
vae. The standard variance is indicated.
‡arEx29 appears to cause a slight elevation in lin-12 activity, probably due to overex-
pression of LIN-12(1) (Fitzgerald et al., 1993).
Table VI. sel-9 Combinations with glp-1 Mutations
Relevant genotype*
Germline
proliferation‡
Embryonic
viability§
Wild-type 11
glp-1(e2142) 12
glp-1(e2142); sel-9(ar26) 11
glp-1(e2142); sel-9(ar174) 11
glp-1(q415) 22
glp-1(q415); sel-9(ar26) 12
glp-1(q415); sel-9(ar174) 11
glp-1(e2141) 22
glp-1(e2141); sel-9(ar26) 22
glp-1(e2141); sel-9(ar174) 22
glp-1(q231) 22
glp-1(q231); sel-9(ar26) 22
glp-1(q231); sel-9(ar174) 22
All experiments were done at 25°C, the restrictive temperature for the glp-1 alleles.
*glp-1(q415) and glp-1(q231) were marked with unc-32(e189). sel-9(ar26) was
marked with rol-3(e754).
‡Germline proliferation was scored as 1 if a normal L4-adult germline anatomy (mi-
tosis distal, meiosis proximal) was seen and numberous (.50) fertilized eggs were
produced and 2 if a Glp L4-adult germline anatomy (no mitosis) was seen and no
eggs were produced.
§Embryonic viability was scored as 1 if all progeny grew to adulthood and 2 if all
progeny arrested in embryonic or early larval stages.Wen and Greenwald SEL-9 1173
diated by COPI-coated vesicles (Rothman and Wieland,
1996; Orci et al., 1997). Endocytic trafficking is mediated
by clathrin-coated vesicles (Robinson, 1994).
A key feature of vesicle-mediated trafficking is the net
transfer of cargo from one compartment to another, while
components of the donor compartment are selectively ex-
cluded from vesicles and/or recycled. Furthermore, there
appears to be a quality control mechanism, so that mis-
folded or mutant proteins cargo proteins are not trans-
ferred (Hammond and Helenius, 1995). Little is known
about how selective packaging or quality control occurs.
Signals on cargo and the coat proteins appear to influence
assembly of the COPII coat complex (Springer and Schek-
man, 1998). However, other factors appear to influence se-
lectivity: for example, null mutations which bypass the an-
terograde secretion block associated with the absence of
Sec13p (one component of the COPII coat complex) also
cause leakage of ER resident proteins and mutant inver-
tase (Elrod-Erickson and Kaiser, 1996).
One gene identified as a bypass suppressor of Dsec13
was EMP24 (Elrod-Erickson and Kaiser, 1996), a defining
member of the p24 subfamily to which SEL-9 belongs.
p24 proteins are transmembrane protein components of
COPI- and COPII-coated vesicles (Schimmoller et al.,
1995; Belden and Barlowe, 1996; Elrod-Erickson and Kai-
ser, 1996; Sohn et al., 1996), and interact with coat proteins
via their transmembrane/carboxy-terminal domains (Fied-
ler et al., 1996; Sohn et al., 1996; Dominguez et al., 1998).
Strains lacking the p24 proteins Emp24p or Erv25p have
similar secretion defects: there is reduced ER to Golgi
transport of a subset of secretory proteins and leakage of
ER resident proteins (Schimmoller et al., 1995; Belden
and Barlowe, 1996; Elrod-Erickson and Kaiser, 1996).
Two different roles for p24 proteins have been proposed.
One possibility is that p24 proteins are receptors/adaptors
for lumenal cargo (Kirchhausen et al., 1997). Alterna-
tively, Elrod-Erickson and Kaiser (1996) have proposed
that the proteins encoded by EMP24 and other Dsec13 by-
pass suppressors are part of a quality control mechanism
that prevents the premature formation of vesicles that
have not properly segregated cargo from ER-resident pro-
teins.
The genetic interactions between sel-9 and lin-12 or glp-1
are consistent with an Emp24p-like role for SEL-9 in the
transport of LIN-12 and GLP-1. SEL-9 and F47G9.1 may
act during the sorting process to keep misfolded or mutant
LIN-12 and GLP-1 proteins from transport vesicles, or, as
proposed by Elrod-Erickson and Kaiser (1996), as a gen-
eral block to the progress of vesicles containing aberrant
proteins. Our genetic data are more consistent with a role
for p24 proteins in a quality control mechanism as op-
posed to a role in cargo reception. In our functional inter-
actions, sel-9 behaves as a negative regulator. If sel-9 were
principally to function as a LIN-12/GLP-1 cargo receptor,
we might have expected it to behave as a positive factor:
loss or reduction of a cargo receptor should reduce the
amount of LIN-12 or GLP-1 at the cell surface. Instead,
loss or reduction of sel-9 activity increases the amount of
lin-12 or glp-1 activity, enhances the weak gain-of-function
activity associated with overexpression of an essentially
wild-type LIN-12 protein, and demonstrably increases the
amount of a mutant GLP-1 protein at the cell surface. Our
results, like those of Elrod-Erickson and Kaiser (1996),
are therefore more consistent with a major role for p24
proteins in quality control as opposed to cargo reception.
All of the mutations that were affected by reducing sel-9
activity alter the extracellular domain of LIN-12 or GLP-1.
These mutations may lead to general structural defects in
the extracellular domain, since the mutations affect differ-
ent subregions (Fig. 4) and have different effects (some el-
evate and some reduce activity). SEL-9(1) may directly or
indirectly recognize the abnormal extracellular domains of
the mutant LIN-12 or GLP-1 proteins and block their
transport, thus effectively functioning to negatively regu-
late the amount of LIN-12/GLP-1 in the plasma mem-
brane. In sel-9 mutants, however, abnormal LIN-12/GLP-1
proteins may instead be transported to cell surface, where
they may be able to function. This inference is supported
Figure 5. Subcellular distribution of GLP-1. All panels show
the distal regions of hermaphrodite gonads. The F-actin–spe-
cific probe Alexa488-phalloidin (phalloidin; Molecular Probes
A-12379) stains plasma membranes that surround the germline
nuclei (Strome, 1986). An antibody cocktail that recognizes
GLP-1 (anti–GLP-1; Crittenden et al., 1994) is used to visualize
GLP-1 localization. For each genotype, the F-actin and GLP-1
staining is shown in the same focal plane. Hermaphrodites were
grown at 158C until adulthood, and then were shifted to 258C for
24 h before staining. At the time of staining, the morphology of
the germline looked normal in all cases (data not shown).The Journal of Cell Biology, Volume 145, 1999 1174
by our examination of the cell biology underlying these ge-
netic interactions. When sel-9 activity is normal, the mu-
tant GLP-1(q415) protein appears to be retained within
the cell, and the hermaphrodites display a glp-1 mutant
phenotype. In contrast, when sel-9 is mutant, the GLP-
1(q415) mutant protein is found in the plasma membrane,
and the hermaphrodites display a wild-type phenotype.
We postulate that the effect of sel-9 on mutant LIN-12
or GLP-1 reflects a role for SEL-9(1) in the transport of
LIN-12(1) and GLP-1(1). SEL-9(1) may inhibit the
transport of aberrant LIN-12(1) and GLP-1(1) proteins,
which may occur at some frequency due to misfolding or
misprocessing. The finding that sel-9 mutations enhance
the weak gain-of-function defect associated with overex-
pression of a tagged LIN-12 protein with a wild-type extra-
cellular domain is consistent with this postulated role.
One issue that deserves comment is the lack of a severe
phenotype associated with reduced sel-9 activity. In yeast,
Demp24 causes only a moderate reduction of secretion of a
select group of proteins and does not cause a marked visi-
ble phenotype (Schimmoller et al., 1995; Belden and Bar-
lowe, 1996; Elrod-Erickson and Kaiser, 1996). This lack of
a visible phenotype might be attributable to functional re-
dundancy among the multiple p24 proteins in yeast; how-
ever, particularly if p24 proteins depend on each other for
stability (Belden and Barlowe, 1996; Dominguez et al.,
1998), then perhaps elimination of all p24 protein activity
might not result in a deleterious phenotype. In C. elegans,
there also appear to be multiple p24 proteins. The sel-9 al-
leles we isolated appear to reduce sel-9 activity, but we do
not know the sel-9 null phenotype with certainty: none of
the existing mutations cause early stop codons or deletions
of the coding region. Like Emp24p, SEL-9 may be in-
volved in the transport of a select group of proteins, in-
cluding LIN-12 and GLP-1. We note that if sel-9 activity
were essential for all secretory protein transport, we might
reasonably have expected to see some evidence for a phe-
notype caused by RNAi. The definitive answer to the
question of the phenotype caused by a lack of p24 proteins
will be most readily addressed in yeast, where it will be
feasible to construct strains lacking multiple genes for p24
proteins.
Our characterization of sel-9 emphasizes a link between
the secretory apparatus and cell signaling during develop-
ment. The characterization of other developmental genes
is providing other linkages between secretion and cell sig-
naling processes. For example, the establishment of dor-
soventral polarity occurs during oogenesis and involves a
signal from the oocyte to the follicle cells and a second sig-
nal from follicle cells back to the oocyte (Ray and Schup-
bach, 1996). The gene windbeutel, which is required for
proper dorsoventral polarity, acts in the follicle cells and
encodes an ER protein that has been proposed to chaper-
one a secreted signal produced in the follicle cells (Konso-
laki and Schupbach, 1998). Whether the linkages that have
been found between the secretory apparatus and cell sig-
naling processes reflect constitutive secretory functions or
serve as points of regulation will be an issue for future
study.
We are grateful to Barth Grant for valuable advice and encouragement
throughout the course of this project. We thank Naiche Adler and Kater-
ina Politi for help with genetics, and Jane Hubbard and Richard Ruiz for
help with sequence analysis. We thank Chris Kaiser for quality control of
our discussion of the p24 literature, Marty Chalfie, David Hirsh, Jan Kita-
jewski, and Richard Mann for comments on the original thesis chapter,
and members of our laboratory for additional comments on the manu-
script.
The initial phase of this work was supported by National Institutes of
Health grant GM37602 (to I. Greenwald). I. Greenwald is an Associate
Investigator of the Howard Hughes Medical Institute.
Received for publication 3 December 1998 and in revised form 2 April
1999.
References
Austin, J., and J. Kimble. 1987. glp-1 is required in the germ line for regulation
of the decision between mitosis and meiosis in C. elegans. Cell. 51:589–599.
Bednarek, S.Y., L. Orci, and R. Schekman. 1996. Traffic COPs and the forma-
tion of vesicle coats. Trends Cell Biol. 6:468–473.
Belden, W.J., and C. Barlowe. 1996. Erv25p, a component of COPII-coated
vesicles, forms a complex with Emp24p that is required for efficient endo-
plasmic reticulum to Golgi transport. J. Biol. Chem. 271:26939–26949.
Blum, R., P. Feick, M. Puype, J. Vandekerckhove, R. Klengel, W. Nastainczyk,
and I. Schulz. 1996. Tmp21 and p24A, two type I proteins enriched in pan-
creatic microsomal membranes, are members of a protein family involved in
vesicular trafficking. J. Biol. Chem. 271:17183–17189.
Brenner, S. 1974. The genetics of Caenorhabditis elegans. Genetics. 77:71–94.
Crittenden, S.E., E. Troemel, T.C. Evans, and J. Kimble. 1994. GLP-1 is local-
ized to the mitotic region of the C. elegans germline. Development. 120:
2901–2911.
Dominguez, M., K. Dejgaard, J. Fullekrug, S. Dahan, A. Fazel, J.-P. Paccaud,
D.Y. Thomas, J.J.M. Bergeron, and T. Nilsson. 1998. gp25L/emp24/p24 pro-
tein family members of the cis-Golgi network bind both COPI and II
coatomer.  J. Cell Biol. 140:751–765.
Edgley, M.L., C.A. Turner, and D.L. Riddle. 1997. On-line C. elegans re-
sources. In C. elegans II. D.L. Riddle, T. Blumenthal, B.J. Meyer, and J.R.
Priess, editors. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY. 1059–1062.
Elrod-Erickson, M.J., and C.A. Kaiser. 1996. Genes that control the fidelity of
endoplasmic reticulum to Golgi transport identified as suppressors of vesicle
budding mutations. Mol. Biol. Cell. 7:1043–1058.
Fiedler, K., and J.E. Rothman. 1997. Sorting determinants in the transmem-
brane domain of p24 proteins. J. Biol. Chem. 272:24739–24742.
Fiedler, K., M. Veit, M.A. Stamnes, and J. Rothman. 1996. Bimodal interaction
of coatomer with the p24 family of putative cargo receptors. Science. 273:
1396–1399.
Fire, A., S. Xu, M.K. Montgomery, S.A. Kostas, S.E. Driver, and C.C. Mello.
1998. Potent and specific genetic interference by double-stranded RNA in
Caenorhabditis elegans. Nature. 391:806–811.
Fitzgerald, K., H. Wilkinson, and I. Greenwald. 1993. glp-1 can substitute for
lin-12 in specifying cell fate decisions in C. elegans. Development. 119:1019–
1027.
Grant, B., and I. Greenwald. 1997. Structure, function and expression of SEL-1,
a negative regulator of LIN-12 and GLP-1 in C. elegans. Development. 124:
637–644.
Greenwald, I. 1998. LIN-12/Notch signaling: lessons from worms and flies.
Genes Dev. 12:1751–1762.
Greenwald, I., and G. Seydoux. 1990. Analysis of gain-of-function mutations of
the lin-12 gene of Caenorhabditis elegans. Nature. 346:197–199.
Greenwald, I., P. Sternberg, and H.R. Horvitz. 1983. The lin-12 locus specifies
cell fates in Caenorhabditis elegans. Cell. 34:435–444.
Hammond, C., and A. Helenius. 1995. Quality control in the secretory pathway.
Curr. Opin. Cell Biol. 7:523–529.
Hubbard, E.J.A., Q. Dong, and I. Greenwald. 1996. Evidence for physical and
function association between EMB-5 and LIN-12 in Caenorhabditis elegans.
Science. 273:112–115.
Hubbard, E.J.A., G. Wu, J.K. Kitajewski, and I. Greenwald. 1997. sel-10, a neg-
ative regulator of lin-12 activity in C. elegans, encodes a member of the
CDC4 family of proteins. Genes Dev. 11:3182–3193.
Kimble, J. 1981. Alterations in cell lineage following laser ablation of cells in
the somatic gonad of Caenorhabditis elegans. Dev. Biol. 87:286–300.
Kirchhausen, T., J.S. Bonifacino, and H. Riezman. 1997. Linking cargo to vesi-
cle formation: receptor tail interactions with coat proteins. Curr. Opin. Cell
Biol. 9:488–495.
Kodoyianni, V., E.M. Maine, and J. Kimble. 1992. Molecular basis of loss-of-
function mutations in the glp-1 gene of Caenorhabditis elegans. Mol. Biol.
Cell. 3:1199–1213.
Konsolaki, M., and T. Schupbach. 1998. windbeutel, a gene required for dorso-
ventral patterning in Drosophila, encodes a protein that has homologies to
vertebrate proteins of the endoplasmic reticulum. Genes Dev. 12:120–131.
Lambie, E., and J. Kimble. 1991. Two homologous genes, lin-12 and glp-1, have
overlapping functions. Development. 112:231–240.Wen and Greenwald SEL-9 1175
Levitan, D., and I. Greenwald. 1995. Facilitation of lin-12-mediated signalling
by sel-12, a Caenorhabditis elegans S182 Alzheimer’s disease gene. Nature.
377:351–354.
Levitan, D., and I. Greenwald. 1998. Effects of SEL-12 presenilin on LIN-12 lo-
calization and function in C. elegans. Development. 125:3599–3606.
Mello, C.C., J.M. Kramer, D.T. Stinchcomb, and V.A. Ambros. 1991. Efficient
gene transfer in C. elegans: extrachromosomal maintenance and integration
of transforming sequences. EMBO (Eur. Mol. Biol. Organ.) J. 10:3959–3970.
Orci, L., M. Stamnes, M. Ravazzola, M. Amherdt, A. Perrelet, T.H. Sollner,
and J.E. Rothman. 1997. Bidirectional transport by distinct populations of
COPI-coated vesicles. Cell. 90:335–349.
Priess, J.R., H. Schnabel, and R. Schnabel. 1987. The glp-1 locus and cellular in-
teractions in the early C. elegans embryos. Cell. 51:601–611.
Ray, R.P., and T. Schupbach. 1996. Intercellular signaling and the polarization
of body axes during Drosophila oogenesis. Genes Dev. 10:1711–1723.
Robinson, M.S. 1994. The role of clathrin, adaptors and dynamin in endocyto-
sis. Curr. Opin. Cell Biol. 6:538–544.
Rocheleau, C.E., W.D. Downs, R. Lin, C. Wittmann, Y. Bei, Y.-H. Cha, M. Ali,
J.R. Priess, and C.C. Mello. 1997. Wnt signaling and an APC-related gene
specify endoderm in early C. elegans embryos. Cell. 90:707–716.
Rothman, J.E., and F.T. Wieland. 1996. Protein sorting by transport vesicles.
Science. 272:227–234.
Sambrook, J., E.F. Fritsch, and T. Maniatis. 1989. Molecular Cloning: A Labo-
ratory Manual. 2nd edition. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.
Schekman, R., and L. Orci. 1996. Coat proteins and vesicle budding. Science.
271:1526–1533.
Schimmoller, F., B. Singer-Kruger, S. Schroder, U. Kruger, C. Barlowe, and H.
Riezman. 1995. The absence of Emp24p, a component of ER-derived
COPII-coated vesicles, causes a defect in transport of selected proteins to
the Golgi. EMBO (Eur. Mol. Biol. Organ.) J. 14:1329–1339.
Schroeter, E.H., J.A. Kisslinger, and K. Raphael. 1998. Notch-1 signalling re-
quires ligand-induced proteolytic release of intracellular domain. Nature.
393:382–386.
Sohn, K., L. Orci, M. Ravazzola, M. Amherdt, M. Bremser, F. Lottspeich, K.
Fiedler, J.B. Helms, and F. Wieland. 1996. A major transmembrane protein
of Golgi-derived COPI-coated vesicles involved in coatomer binding. J. Cell
Biol. 135:1239–1248.
Springer, S., and R. Schekman. 1998. Nucleation of COPII vesicular coat com-
plex by ER to Golgi v-SNAREs. Science. 281:698–700.
Stamnes, M.A., M.W. Craighead, M.H. Hoe, N. Lampen, S. Geromanos, P.
Tempst, and J.E. Rothman. 1995. An integral membrane component of
coatomer-coated transport vesicles defines a family of proteins involved in
budding. Proc. Natl. Acad. Sci. USA. 92:8011–8015.
Strome, S. 1986. Fluorescence visualization of the distribution of microfila-
ments in gonads and early embryos of the nematode Caenorhabditis elegans.
J. Cell Biol. 103:2241–2252.
Struhl, G., and A. Adachi. 1998. Nuclear access and action of Notch in vivo.
Cell. 93:649–660.
Struhl, G., K. Fitzgerald, and I. Greenwald. 1993. Intrinsic activity of the Lin-12
and Notch intracellular domains in vivo. Cell. 74:331–345.
Sundaram, M., and I. Greenwald. 1993a. Genetic and phenotypic analysis of hy-
pomorphic lin-12 mutants in Caenorhabditis elegans. Genetics. 135:755–763.
Sundaram, M., and I. Greenwald. 1993b. Suppressors of a lin-12 hypomorph de-
fine genes that interact with both lin-12 and glp-1 in Caenorhabditis elegans.
Genetics. 135:765–783.
Tax, F.E., J.H. Thomas, E.L. Ferguson, and H.R. Horvitz. 1997. Identification
and characterization of genes that interact with lin-12 in Caenorhabditis ele-
gans. Genetics. 147:1675–1695.
Thorpe, C.J., A. Schlesinger, J.C. Carter, and B. Bowerman. 1997. Wnt signal-
ing polarizes an early C. elegans blastomere to distinguish endoderm from
mesoderm. Cell. 90:695–705.
Waterston, R.H., J.E. Sulston, and A.R. Coulson. 1997. The genome. In C. ele-
gans II. D.L. Riddle, T. Blumenthal, B.J. Meyer, and J.R. Priess, editors.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY. 23–46.
Weinmaster, G. 1997. The ins and outs of Notch signaling. Mol. Cell. Neurosci.
9:91–102.
Wen, C., M.M. Metzstein, and I. Greenwald. 1997. SUP-17, a Caenorhabditis el-
egans ADAM protein related to Drosophila KUZBANIAN, and its role in
LIN-12/Notch signalling. Development. 124:4759–4767.
Yochem, J., and I. Greenwald. 1989. glp-1 and lin-12, genes implicated in dis-
tinct cell-cell interactions in C. elegans, encode similar transmembrane pro-
teins. Cell. 58:553–564.
Yochem, J., K. Weston, and I. Greenwald. 1988. C. elegans lin-12 encodes a
transmembrane protein with overall similarity to Drosophila Notch. Nature.
335:547–550.